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Massif anorthosites form when basaltic magma differentiates in crustal magma chambers to form low-
density plagioclase and a residual liquid whose density was greater than that of enclosing crustal rocks.
The plagioclase and minor pyroxene crystallized in-situ on the ﬂoor of the magma chamber to produce
the anorthosite complex, and the residual liquid migrated downwards, eventually to solidify as dense
Fe-rich cumulates some of which were removed to the mantle. These movements were facilitated by
high temperatures in Proterozoic continental crust, thus explaining the restriction of large anorthosite
massifs to this period in Earth history.
 2012, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. All rights reserved.1. Introduction
A basic tenet of igneous petrology is that magma migrates
upwards. It does so because it is less dense than the surrounding
rocks. Its buoyancy causes it to escape from its source and to move
upward until it reaches the surface, or freezes to immobility, or is
trapped in magma chambers at density discontinuities. Primary
picritic magma leaves its mantle source and ascends to the Moho
where it is trapped beneath less dense crustal rocks. There it
differentiates into maﬁc-ultramaﬁc cumulates that remain at the
crust-mantle boundary while the lower-density basaltic melt
continues its upward journey towards the surface (Cox, 1980).
This type of model is not easily applied to the formation of
anorthosite, a leucocratic, medium to coarse plutonic rock
composed of >90% plagioclase and minor pyroxene, olivine and
iron-titanium oxides (Morse, 1968; Ashwal, 1993; Hamilton et al.,
2010). The origin of some types of anorthosite is readily
explained. Anorthosites in the Bushveld or Stillwater Complexes
are cumulates that formed in layers in the upper parts of these
large, differentiated maﬁc-ultramaﬁc intrusions (Cawthorn, 1996).
More enigmatic are the enormous anorthosite massifs that wereof Geosciences (Beijing).
sevier
sity of Geosciences (Beijing) and Pemplaced during a relatively short time interval, from 1.9 to 1.2 Ga
in the Mid-Proterozoic, particularly in a belt that extends from
western USA, through Canada and into Scandinavia (Ashwal, 1993,
2010). The massifs vary in size from small bodies a few hundreds of
square kilometres in area to huge batholiths covering nearly
20,000 km2.
Thorough and complete descriptions of these rocks, and
a summary of hypotheses for their origin, have recently been
provided in the special volume edited by Hamilton et al. (2010).
Here I list only the enigmatic petrological and structural features
that are difﬁcult to reconcile with normal petrologic models.
- They are near-monomineralic rocks composed essentially of
plagioclase with a relatively restricted range of compositions,
typically An40 and An60.
- Anorthosite constitutes more than 90% of most massifs, in
places accompanied by granitoids and charnockites. Maﬁc to
intermediate rocks such as diorite and gabbro are rare, in most
cases constituting less than 10% of the intrusion.
- The plagioclase crystals may be enormous, reaching metre-size
in many examples.
- They are accompanied by a small fraction of pyroxene crystals
with similar sizes, in some cases with a distinctive, irregular,
almost skeletal morphology.
- The anorthosites are layered at various scales, as described in
detail by Scoates (2000) and Scoates et al. (2010). These authors
argue convincingly that the layering is primary and developed
on the sloping ﬂoor of the magma chamber.
- The emplacement of massif anorthosites was largely restricted
to the period from 1.9 to 1.2 Ga.eking University. Production and hosting by Elsevier B.V. All rights reserved.
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for the following:
- Although the issue is not entirely resolved, sound arguments
can be advanced to support a model in which the parental
magma of anorthosites had a basaltic composition (Hamilton
et al., 2010; Scoates et al., 2010; Namur et al., 2011). Simula-
tion of the fractional crystallization of such liquids using the
PETROLOG program of Danyushevsky et al. (2002) (Fig. 1)
shows they are capable of crystallizing no more than 40%e50%
plagioclase. If a near-monomineralic plagioclase rock is to be
produced, the plagioclase, which crystallizes alone or with
a very small fraction of olivine or orthopyroxene during the
initial stages, must accumulate, and the remaining 50%e60% of
other maﬁc minerals and/or evolved maﬁc liquid must be
removed.
- The density of plagioclase is less than that of the liquid from
which it crystallizes (Fig. 1). This relationship effectively rules
out mechanisms in which the crystals accumulate on the ﬂoor
of a magma chamber through gravitative settling.Figure 1. Evolution of the density of fractionating basaltic liquid. A high-Al basalt from Scoa
the PETROLOG program of Danyushevsky et al. (2002) at a pressure of 0.4 GPa and f(O2) ¼ QF
of plagioclase, and the moderately evolved ferrodiorite has a density greater than that of t- The large size and the uniform composition of plagioclase
crystals, together with their low density suggest that the
crystals grow in place at the ﬂoor or walls of the chamber. The
striking size and skeletal form of some orthopyroxene grains,
such as illustrated by Scoates et al. (2010), suggest that this
mineral as well grew in-situ.2. A new model
To explain these features, I propose a model built on the ideas
expressed by Scoates et al. (2010), who recognised that dense
residual magma drains downwards within the magma chamber.
The key process is illustrated in Fig. 2, a sketch from Scoates
et al. (2010) of the steeply sloping margin of a magma
chamber. The diagram shows plagioclase crystals growing on the
ﬂoor of the chamber. As seen in Fig. 1, the density of the residual
liquid is greater than that of the initial liquid because of the
extraction of low-density plagioclase and the build-up of Fe in
the rejected liquid. This liquid ﬂows down the sloping walls oftes (2000) was chosen for the parent magma and its crystallization was modelled using
M. The density of the liquid, calculated by the program, is persistently greater than that
ypical crustal gneiss.
Figure 2. Sketch of the sloping margin of an anorthosite complex illustrating growth of plagioclase and minor maﬁc minerals in the layered series and ﬂow of residual magma
downwards past the margin (from Scoates et al., 2010).
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liquid is at least as large as that of the crystallized plagioclase.
This liquid cannot migrate to the surface because it is denser
than normal crustal rocks. Maﬁc-intermediate rocks that could
represent solidiﬁed portions of this magma form only a minor
proportion of the massifs. Another destination for the evolved
magma must be found. Given its density, the only direction it can
ﬂow is down. The implication is that the residual liquid
produced after extraction of plagioclase drains out from the base
of the chamber and then migrates downwards into the under-
lying crust (Fig. 3).
Although this notion is contrary to accepted ideas of igneous
petrology, physically it is reasonable. Suppose that the magma was
emplaced at a mid-crustal depth of 10e15 km (2.7e4.0 GPa). The
residual magma has a maximum density (r) of 2.7e2.76 g cm3
(Fig. 1), which is greater than that of almost all rocks in the upper
continental rocks (r ¼ 2.5e2.8 g cm3). We have no difﬁcultyFigure 3. Sketches of three phases in the deaccepting that when magma is less dense than the enclosing rocks,
it migrates upward through them, usually along fractures or more
rarely by diapiric uprise, a process that requires deformation of the
surrounding rock. Magma that is denser than its surroundings will
migrate downward, initially through themiddle crust and then into
granulitic lower crust (r ¼ 2.8e2.9 g cm3). Because melt is more
compressible than solid, the density of the melt increases as it
descends, to compensate for the increasing density of the crustal
rocks. Themagmamay stall at the amphibolite-granulite transition,
where density increases signiﬁcantly, to crystallize as a maﬁc
intrusion. Or the melt may migrate to the Moho where it encoun-
ters denser mantle peridotite (r > 3.0e3.3 g cm3). The magma
could then crystallize to a rock with a composition like that of
a Fe-rich diorite whose density is around 3.3 g cm3, signiﬁcantly
greater than that of depleted Fe-poor peridotite of the uppermost
mantle (r¼w3.0 g cm3). Given time and deformation in the lower
crust and uppermost mantle, the dense layers of solidiﬁed magmavelopment of an anorthosite complex.
N. Arndt / Geoscience Frontiers 4 (2013) 195e198198may ﬁnally founder into the mantle and be effectively removed
from the crust.
3. Restriction to the Proterozoic
Why are massif anorthosites restricted to the Mid-Proterozoic?
In this context the peculiar structural style inmany Archean cratons
is relevant. As noted by Choukroune et al. (1995, 1997) and many
others, these regions show a distinctive dome-and-basin structure
that many geologists attribute to vertical tectonics: diapirs of dense
volcanic-dominated supracrustal material appear to have moved
downwards and the lighter granitoids moved upwards. This type of
deformation requires that the crust was ductile and had a lower
overall viscosity than modern continental crust. The principle
reason for this ductility is the higher temperature of Archean crust,
which results from the higher concentration of radioactive heat-
producing elements in granitic rock produced at this early stage
in Earth history (Sandiford and McLaren, 2006). The Proterozoic
represents an intermediate stage, when the crust was sufﬁciently
cool and rigid to support large intrusions of maﬁc magma but still
sufﬁciently hot that the dense residual magmas could drain
downwards. Only during this period was the crust sufﬁciently
ductile to permit downward migration of dense evolved liquids but
sufﬁciently rigid to maintain the residual plagioclase cumulates.
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